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ABSTRACT
The menisci are fibrocartilaginous soft tissues that act to absorb and distribute load
across the surface of the knee joint. As a result of mechanical wear and large repetitive
loading, meniscus tissue can begin to breakdown, or degenerate. Meniscus degeneration
increases the risk of tearing, weakened tissue integrity, and the progression of
osteoarthritis. Therefore, it is imperative to understand the wear behavior of whole human
meniscus to identify conditions that may significantly increase the risk of degeneration.
The objective of this study is to develop and validate an in vitro methodology for
characterizing volumetric wear behavior in whole human meniscus using a 3D optical
scanning system. This study was done in three parts. Part I and II consisted of assessing
the accuracy and repeatability of the proposed methodology for meniscus tissue. Two
surrogate models were developed for this purpose: (1) Simple Surrogate: Geometric Blocks
and (2) Complex Surrogate: Menisci & Tibia Replicas. Part III utilized the method to
quantify wear in whole human meniscus subjected to physiological loading conditions.
One fresh-frozen cadaveric knee joint was potted in a custom designed and built knee
simulator and subjected to four loading stages of 250,000 cycles. A 3D optical scanner was
used to generate 3D renderings for pre- and post-wear conditions for both surrogates and
human meniscus. An open-source software, CloudCompare, was then used to
computationally evaluate volume loss. For the surrogate models, the process was repeated
at varying wear depths, and the percentage error between real-life measured volumes and
CloudCompare calculated volumes was determined. The human meniscus followed the
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same scanning procedure for pre- and post-wear; however, post-wear volume was recorded
following each loading stage.
Results from the simple surrogate model showed that the method was capable of
measuring wear with <2% error when detecting volumetric changes of 1.08 cm3; however,
as defect depth decreased, the absolute mean percentage error increased (p<0.001). The
complex surrogate model showed significant difference when measuring wear in the lateral
and medial meniscus (p<0.05) with percentage errors of less than 7.9% when detecting
volumetric changes of 0.4 cm3. The results obtained from whole human meniscus testing
indicate that with an increase in loading cycles, a higher degree of meniscal wear and
deformation is present.
For the first time, this study provides a methodology to identify volumetric loss due
to wear behavior in whole human meniscus. This is also the first study to provide
comprehensive visualization and identification of global defects within the meniscus
tissue. Results of this study have the potential to help identify the physical and biochemical
factors that lead to meniscus degeneration thereby advancing fundamental knowledge of
the etiology of degenerative wear within articulating soft tissue.
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CHAPTER ONE: INTRODUCTION
1.1 Motivation
Every year the human knee joint experiences approximately 1.1 million gait cycles
while encountering mechanical loading several times that of body weight [1,2]. The knee
acts to provide joint stability and mobility during such large and repetitive loading. Over
time, soft tissue structures of the knee, such as the menisci, can become damaged as a result
of this loading. The menisci are fibrocartilaginous soft tissues that act to absorb and
distribute an estimated 40% to 70% of the compressional and torsional loads across the
surface of the knee joint [2–5]. As a result of mechanical wear and overuse, meniscal
fibrous tissue can begin to retrogressively breakdown, or degenerate [6–10].
Meniscus degeneration is marked by the derangement of collagen fiber networks
and impacts nearly 56% of the population above the age of 70 years [3,11]. Such
degeneration increases the risk of multiplanar tearing, weakened tissue integrity, cartilage
loss, and the progression of osteoarthritis [2,3,12,13]. Due to relatively avascular nature
and minimal peripheral blood supply, menisci have limited healing capabilities to return
the tissue to a pre-degenerate state [2,5]. Treatment options for advanced degraded tissue
may therefore consist of the partial or total removal of meniscus tissue (meniscectomy).
These procedures have the potential to increase contact stress by 65% and 235% for a
partial and total meniscectomy, respectively [14]. Therefore, prevention of meniscus
degeneration is critical.
In order to effectively prevent meniscus degeneration, it is imperative to quantify
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the behavior of whole knee meniscus wear in order to reduce associative risks and to
examine the root cause of degeneration. Such an assessment could provide a powerful tool
for identifying general loading conditions, specific activities, and anatomical variations
that may significantly increase wear rates and thus increase the risk of degeneration. By
understanding meniscal wear behavior and the associative risks, the benefits of noninvasive (physical therapy) and invasive (meniscectomy) strategies [3,5,9,15,16] for
preventing meniscus degeneration could be defined.
1.2 Research Goal
The first goal of this research is to develop and validate an in vitro methodology to
quantify and visualize volumetric wear within surrogate meniscus models using a 3D
optical scanner. The second goal of this research is to utilize the developed methodology
for accurate characterization of volumetric wear behavior of whole human meniscus under
complex joint loading conditions. The methodology developed in this study provides an
innovative basis for future studies to measure wear under the impact of other potential risk
factors (gender, obesity, activity, etc.) that may increase mechanical wear and injury in
meniscus tissue.
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CHAPTER TWO: BACKGROUND
2.1 Knee Anatomy and Joint Biomechanics
2.1.1 General Structure and Function
The knee joint is the largest and most complex bicondylar synovial joint in the
human body [17]. The main function of the knee joint is to provide stability and support
while acting as a multidimensional functioning hinge that flexes and extends the leg during
the gait cycle. The knee is located at the junction of the two longest lever bones in the body:
the tibia and the femur (Figure 1). As a direct result of this positioning, the knee is
subjected to constant high and repetitive loading with peak forces that can reach up to 2-4
times body weight during normal walking activity [6,18–20].

Figure 1.

Anterior perspective of the human knee joint
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The knee can be conceptualized as two articulations: the tibiofemoral joint and the
patellofemoral joint [21,22]. The former is located between the condyles of the distal femur
and proximal to the tibial surface, while the latter is formed between the patella and the
anterior distal femur. The tibiofemoral joint aides in transmitting body weight forces from
the femur to the tibia while allowing for primary flexion and extension motion in the
sagittal plane [23]. The patellofemoral joint acts in association with the quadriceps muscle
group to dissipate momentum in the frontal plane [21,24].
2.1.2 Ligaments and Joint Capsule
Stability of the knee joint is supported through various anatomical structures. Such
supporting structures include the anterior and posterior cruciate ligaments (ACL and PCL),
medial and lateral collateral ligaments (MCL and LCL), joint capsule, and menisci
(discussed in section 2.2) (Figure 2).

Figure 2.

Sagittal view of knee joint showing supporting structures
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Ligament structures of the knee provide stability due to their closely packed Type
I collagen fiber bundles. These parallel orientated bundles help to compensate for tensile
stresses acting in line with the axis of the collagen fibers [22,25,26]. The ACL and PCL
are located within the joint capsule and cross each other obliquely to interconnect the tibia
and femur [21,26] (Figure 2). The cruciate ligaments act to stabilize the knee against large
anterior and posterior shear forces that occur during daily activity [22]. The MCL and LCL
are the primary frontal plane stabilizers that protect against forces that produce extensive
varus and valgus stresses in addition to medial and lateral translation [27,28]. The joint
capsule surrounds both the tibiofemoral and patellofemoral joints. It is composed of an
outer layer of dense fibrous connective tissue, lined with synovium, that helps to support
the knee joint by forming a sleeve around the articulating bones (tibia and femur) to which
it is attached. Synovial fluid is a viscous yellow-white liquid produced by the synovium
that flows throughout the capsule (Figure 2). The main role of synovial fluid is to lubricate
and reduce friction between the articulating surfaces of the knee joint [22].
2.1.3 Alignment of Tibiofemoral Joint
Proper alignment of the knee joint aids in balancing the forces transmitted through
the soft-tissue envelope and is crucial in sustaining suitable joint function. The function of
the knee joint may be analyzed through a number of axes including the vertical,
mechanical, and anatomical axis (Figure 3). The vertical axis is described as the vertical
line extending distally from the center of the pubic symphysis and is used as a reference
axis to determine other axes [29].
The mechanical axis of the lower limb, or weight bearing line, is considered to be
the most accurate for defining load transmission forces across the knee joint [30]. It can be
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found by drawing a line from the center of the femoral head, through the center of the knee
joint at the intercondylar tubercles, and ending at the center of the ankle joint (Figure 3)
[29,30]. The mechanical axis corresponds to an approximate 2 to 3 degree slope compared
to that of the vertical axis [29]. The mechanical axis can be subdivided into the femoral
and tibial mechanical axes. The femoral mechanical axis is defined as the line that connects
the center of the femoral head to the intercondylar notch of the distal femur, while the tibial
mechanical axis extends from the center of the proximal tibia to the center of the ankle
(Figure 3) [29–31]. The hip-knee-ankle angle is thus formed between the femoral and tibial
mechanical axes representing the overall alignment of the lower extremity. In normal knee
alignment, this angle is usually slightly less than 180 degrees [29,30].
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Figure 3.

Anatomical and mechanical axis of the lower limb

The anatomical axis of the lower extremity represents the straight line drawn along
the intramedullary canals bisecting both femur and tibia [29,31]. In the tibia, the anatomical
axis is directly in line with the mechanical axis. However, in the femur, the anatomical axis
has an approximate 5 to 7 degrees of inclination difference from the mechanical axis,
depending on the height and pelvic width of the individual [29,31]. In normal knee
alignment, the angle formed between the femur and tibia (femorotibial angle) is
approximately 178 degrees in men and 174 degrees women in women [29].
2.1.4 Kinematics and Range of Motion
The tibiofemoral joint of the knee moves with a complex set of translations and
rotations. The complexity of tibiofemoral joint motion can be described through six degrees
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of freedom; three translations: (mediolateral (M-L), anterior and posterior (A-P), joint
distraction), and three rotations: (flexion and extension (F-E), internal and external (I-E),
varus and valgus (V-V)) (Figure 4) [32,33]. M-L translation and F-E rotation occur along
and about the epicondylar femoral axis. Joint distraction and I-E rotation occur along and
about the tibial axis. A-P translation and V-V rotation occur along and about a floating axis
perpendicular to both femoral epicondylar and tibial long axes [33].
The primary motion of the tibiofemoral joint is in the sagittal plane during flexion
and extension [21]. The range of motion in the sagittal plane begins at 5 degrees of
hyperextension to full flexion up to 160 degrees [31,34]; examples of extension to flexion
angles are given for various everyday activities as shown in Table 1. This flexion is due to
a combination of rotation (“roll-back”) and sliding of the femur over the tibia, while
extension is associated with an external rotation of the tibia relative to the femur [23,31].
As the knee extends from approximately 30 to 0 degrees flexion, the tibia rotates externally
by up to 30 degrees. This is known as the screw-home mechanism and is believed to occur
for the purpose of tightening the soft tissue structures and locking the knee geometry prior
to accommodating the impact load of weight bearing [33]. In addition to flexion and
extension, the knee allows for 25 to 30 degrees of I-E rotation, 6 to 8 degrees of V-V, 5 to
10 mm of A-P translation, and 1 to 2 mm of M-L translation [31].
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Figure 4.
Table 1.

Six degrees of freedom in tibiofemoral joint

Selected activities and range of motion in sagittal plane (F-E)

When the lower extremity is fully extended (Figure 5A) , the contact area between
the femur and the tibial plateaus is large and presses anteriorly on the meniscal horns
[21,33]. As the knee flexes (Figure 5B), the contact between the articulating surfaces
begins to move posteriorly towards the posterior meniscal horns, thus reducing the contact
area of the femoral condyles with the tibial plateau. However, due to the geometric
curvature of the tibial plateau, contact with the medial and lateral sides is uneven; the
medial tibial plateau is slightly concave while the lateral tibial plateau is flat in the sagittal
plane [33]. As a direct result, the center of contact, in terms of A-P positioning, on the
medial side remains constant throughout continued flexion. On the lateral side, the femoral
condyle rolls back towards the posterior horn of the lateral meniscus while the ACL is in
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tension resisting further motion. As flexion increases further (Figure 5C), contact between
the femoral condyles and posterior meniscal horns occurs with minimal cartilage-tocartilage contact [33].

Figure 5.

Tibiofemoral joint kinematics during flexion
2.2 Meniscus

2.2.1 Meniscus Structure
The knee menisci are composed of two crescent shaped fibrocartilaginous soft
tissues located on the medial and lateral surfaces of the tibial plateau in both the right and
left knee (Figure 6). The medial and lateral menisci have distinctly different dimensions:
the lateral menisci are approximately 32.4 ± 3.7 mm in length and 26.6 ± 29.3 mm wide,
while medial menisci are 40.5 ± 45.5 mm long and 27 mm wide [5]. The lateral meniscus
displays a greater variation in size, shape, thickness, and mobility than the medial meniscus
and are thus prone to increased translation and rotation during movement [4,35]. The lateral
meniscus covers a greater portion of the tibial plateau (75.9%) in comparison to the medial
meniscus (51.7%) [4,5,35]. Healthy meniscus tissue is composed of 65% to 70% water
with a dense extracellular matrix primarily consisting of type I collagen and traces of other
sugars and proteins like proteoglycans, elastin, and sulfated glycosaminoglycan [2,4,5].
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The orientation of collagen fibers is predominantly circumferential with a small amount of
radial fibers located at the surface [4].

Figure 6.

Diagram of lateral and medial meniscus

2.2.2 Meniscus Function
The menisci increase stability for femorotibial articulation, distribute axial, shear,
and torsional loading, absorb shock, and provide lubrication and nutrition to the knee joint,
while serving to decrease contact stress and increase contact area [2,5] (Figure 7A). Due
to the wedge-shaped geometry of the meniscus structure, it is highly capable of providing
stabilization to the curved femoral condyles during articulation with the flat tibial surface.
As vertical compressive loading is transmitted through the joint, the femur compresses the
menisci onto the tibia and the menisci conform to the femoral condyles [2]. This results in
the tissue stretching circumferentially and essentially converting the compressive forces
into horizontal hoop stresses to resist further deformation (Figure 7B).
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Figure 7.
Function of the menisci: A) Soccer player experiencing high axial and
torsional loads during kicking while B) menisci act to distribute the load
2.2.3 Meniscus Degeneration
Meniscus degeneration is a retrogressive pathological breakdown of meniscal
fibrous tissue [3,13]. It begins within the substance of the tissue and is marked by the
derangement of collagen fibrous networks [3,5,36]. Tissue fibrillation and disruption, in
terms of fraying and tearing, is first seen at the inner peripheral rim of the meniscus
followed by widespread disruption to the meniscus surface over time (Figure 8) [2–4,37].
Degeneration can lead to a host of pathological responses such as weakened tissue
integrity, multiplanar tears, total disruption or loss of meniscus tissue, and ultimately the
progression of osteoarthritis [37].

Figure 8.
Arthroscopic image of A) healthy meniscus and B) degenerate
meniscus with evident tearing and C) prevalence of degeneration on meniscus
surface
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Zhang et al. has illustrated through finite modeling that degenerative meniscal
changes increase compressive and shear stresses on the articulating cartilage surfaces. This
in turn causes the menisci to become more fragile and prone to tearing as greater stress
concentrations on the edges of the tears occur and compromise the extracellular matrix
[36]. Additionally, as the menisci further degrade, the tensile strength of the tissue
decreases. This further compromises meniscus function to absorb compressive shock, thus
ultimately resulting in higher contact stresses (Figure 9).

Figure 9.

Contact stresses increase as A) healthy meniscus tissue B) degenerates

2.2.4 Treatment Options for Degeneration
Treatment options for meniscus degeneration are heavily influenced by the
avascular nature of the tissue. The menisci can be subdivided into three distinct vascular
regions: the outer, vascular/neural region termed the red-red zone, the middle, limited
vascular/neural region known as the red-white zone, and the inner, avascular/anural region
called the white-white zone (Figure 10A). Blood vessels and lymphatics are present
throughout the menisci at the time of birth (Figure 10Bi); however, once the menisci
become load bearing, the blood supply is reduced to the outer 25% to 33% of the menisci
body (Figure 10Bii); beyond the age of 50, the blood and lymph supply is further reduced
to the outer 10% to 33% (Figure 10Biii) [38]. The healing capacity of the menisci is
therefore extremely susceptible to injury and permanent degenerative changes. Repair
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options for damage occurring outside of the avascular red-red zone are incapable of
remodeling and restoring the tissue back to normal operative function [2,4,38]. Therefore,
surgical intervention through either the partial or full removal of the damage meniscal
tissue (meniscectomy) may be necessary. These procedures have the potential to increase
contact stress by 65% and 235% for a partial and total meniscectomy, respectively [14].

Figure 10.

Meniscus blood supply in terms of A) vascularized zones and B) age
related changes [38]
2.3 Mechanical Wear

2.3.1 Types of Wear
Mechanical wear is defined as the progressive removal of material from the bearing
surface of one substance caused by relative motion with respect to another substance
[20,39,40]. Wear can be classified by three distinct mechanisms: adhesive, abrasive, and
fatigue (Figure 11). Adhesive wear is characterized by two solid surfaces sliding in
frictional contact while atomic bonding forces cause the material surfaces to stick to each
other. As shearing is further induced by one surface, a crack propagates on the opposing
surface and material is transferred from one surface to the other, thus resulting in material
removal [39–42]. Abrasive wear occurs when a hard material plows, cuts, or fragments the
surface of a softer material resulting in a loss of material volume in the form of debris
particles [40,41]. Fatigue wear is due to an accumulation of microstructural damage to the
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material as a result of cyclic contact loading [40]. Over time, superficial and subsurface
cracks will appear in the material producing wear particles and loss of material volume.

Figure 11.

Types of mechanical wear

2.3.2 Measuring Wear in Artificial Joint Replacements
Tribology is the study of mechanical wear on bearing surfaces. Wear is measured
through a variety of different methods, and is most commonly measured by the mass of
material removed per unit of time, or by the volume of the material lost [40]. Gravimetric
analysis is the gold standard for wear measurement techniques. It uses a microbalance to
weigh the components under study before and after a certain time period to detect the
amount of mass loss that occurred (Figure 12A) [43]. Wear assessments of biomedical
materials have traditionally been based on the gravimetric method adapted from
international guideline [44]. Studies [41,45–50] have shown this method to be feasible
when measuring wear in joint prosthetics; however, limitations to this method are present
such as lack of information provided about shape change caused from wear [51].
Additionally, wear can be assessed through coordinate measuring machines
(CMMs) that utilize a 3D digitizer and contact probe to record coordinate points on the
worn surface [47,51]. Wear is then determined from the difference between the CMM
digitized data and the original geometry coordinates. This method has high accuracy (5
um) yet can be extremely time consuming [47]. Other methods included in analyzing wear
in joint prosthetics are micro-computerized tomography (CT) and magnetic resonance
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imaging (MRI) (Figure 12B-C). Micro-CT involves the use of sophisticated computer
technology and x-ray equipment to combine a series of two-dimensional radiograph images
into a three-dimensional model with resolutions between 50 um to 74 um [20,43,47,51].
This model can then be used to assess changes within the prosthesis as a result of wear or
damage. MRI scanning is an in vivo imaging technique that uses a strong magnetic field
and radio frequency to align the magnetization of hydrogen atoms within the body to
generate images of soft tissue structures [51]. This technique is capable of distinguishing
between high contrast between soft tissue and an implanted prosthetic device to detect
implant wear.

Figure 12.

Wear measuring devices for A) Gravimetric analysis, B) Micro-CT,
and C) MRI scanning

2.3.3 In Vitro Wear Measurement Techniques
Classic tribological in vitro wear experiments include simple geometry pin-on-disc
and pendulum studies. The pin-on-disc machine has been widely used to evaluate the
nature of wear and friction on materials under well controlled, steady-state conditions [40].
The device consists of a pin attached to a static loading arm and a rotating disc. The sample
is rotated and the kinetic friction coefficient is measured from the amount of deflection of
the arm (Figure 13A) [52]. Variations of the pendulum device shown in Figure 13B have
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been used to assess in vitro material wear. This device utilizes a pendulum arm to induce
friction on a material point of contact. Wear rates for both devices are calculated from the
amount of material removed during the test [40]. These tribology techniques have
successfully quantified the material properties of cartilage and meniscus tissue [53–57].

Figure 13.

Established tribology methods: A) pin-on-disc and B) Pendulum
2.4 3D Optical Scanning and Modeling

2.4.1 Overview
The purpose of 3D optical scanning is to generate model renderings of an object of
interest. Three-dimensional optical scanning is based on the concept of triangulation
[58,59], Triangulation involves the use of cartesian coordinate systems to map spatial
coordinates of an object of interest. As shown in Figure 14, a 3D scanning system is
composed of a 3D scanner, projector, and two cameras. The angle that is formed between
the cameras and either the beam of a laser (laser scanning) or projector (light scanning) is
termed the triangulation angle. The triangulation angle, distance from the camera to the
object and the distance from the beam source to the object are parameters used to determine
the spatial coordinates of the object and to create a 3D rendering [58,60]. Currently, threedimensional optical scanners are most commonly used for reverse engineering and product
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inspection applications due to their ability to quickly and accurately generate 3D models
[61–63].

Figure 14.

Diagram of 3D scanner setup

2.4.2 Structure Light 3D Optical Scanning
Structured light 3D optical scanning technology utilizes an image projector to emit
a finely calibrated pattern of parallel lines with alternating stripes of light gradients onto
an object of interest (Figure 14). The gradual drop in gradient hue from one stripe to the
next allows for the differentiation between different depth values of an object’s surface
features [58,61]. Cameras are used to capture the distortions of the light patterns on the
object and convert the displacements of the distorted lines into surface coordinates. These
coordinates are then used to quickly develop an accurate 3D reconstruction of the object of
interest in the form of a point cloud [47].
2.4.3 Post-Processing and Modeling
A point cloud reconstruction consists of a set of X, Y, Z data points in space that
represent the geometry of an object (Figure 15A) [64]. Using post-processing software
applications, this point cloud can be converted into a meshed object. Meshes consist of a
collection of triangular or quadrilateral polygons that are formed from connecting point
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cloud data to create vertices, edges, and faces (Figure 15B) [64]. Meshes can be converted
into solid models (Figure 15C) for the purpose of performing Boolean modifier operations,
measuring of geometric properties, and creating computer aided design (CAD) models to
assist in reverse engineering practices.

Figure 15.

Modeling process for 3D scanning: A) Point cloud, B) Mesh, C) Solid
Model [64]
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CHAPTER 3: DEVELOPED METHOD TO QUANTIFY VOLUMETRIC WEAR
3.1 Overview
While structured light 3D scanning has been shown to be fast, accurate and low
cost [12,43,47,63,65], no study has yet developed a method to use this technology to
identify and measure volumetric wear in soft tissue. Therefore, the goal of this study was
to utilize the 3D optical scanner to detect wear within meniscus tissue subjected to joint
loading. However, in order to do this, a methodology needed to be developed and certain
software programs had to be identified. A 3D scanner and accompanying scanning
software, FlexScan3D, were previously identified to be capable of generating accurate 3D
models of objects of interest [47]. Thus, it was understood that this technology had the
potential to generate a full model of human meniscus tissue; however, it was not well
understood how volumetric wear could be isolated and quantified from those 3D models.
3.2 Common Geometry Subtraction (CGS)
The developed methodology required the used of Boolean modifier operations to
isolate wear. Boolean operations are performed on solid objects (Figure 15C) that are
otherwise too complex to edit through manual operations. There are three available
Boolean modifiers that create a single object from two different objects [66]. Union
combines two objects as one seamless object while removing any overlapping geometry
(Figure 16A). Intersection results in a mesh created only in areas where the two objects
overlap and removes all sections of the objects that do not overlap (Figure 16B).
Subtraction removes any overlapping sections by subtracting the common geometry of one
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object from that of another object (Figure 16C). Using common geometry subtraction
(CGS), a method was conceived to isolate wear within human meniscus.

Figure 16.

Boolean Modifiers showing A) union, B) intersection, C) subtraction

The method was designed based on the notion that the menisci sit on top of the tibia
(section 2.2). When the tibia-meniscus and tibia-only were scanned using the 3D scanner,
Boolean CGS could be used to subtract the tibia-only 3D model from the tibia-meniscus
3D model. This allowed for the complete isolation of the lateral and medial meniscus, and
thus the volume of just the menisci could be quantified (Figure 17A). Additionally, CGS
could be used after a wearing event to quantify the volume of the post-wear isolated
menisci (Figure 17B). With the pre- and post-wear menisci isolated, the CGS technique
could then be used to further isolate the volumetric meniscus wear between pre- and postwear time point (Figure 17C).
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Figure 17.
Basic schematic for the proposed common geometry subtraction
method to isolate A) pre-wear, B) Post-wear, and C) volumetric wear
3.3 Scanning Process and Software Settings
3.3.1 Overview
The complete scanning process was done in four steps and required the use of three
different software programs (Figure 18). First, the object of interest was scanned using the
3D optical scanner. Next, the scanned image was processed with FlexScan3D in the form
of a mesh (section 2.4.3) representing the object’s surface geometry. Then, MeshLab was
used to clean the mesh in terms of removing duplicate vertices, faces, and edges, and
smoothing the model. Lastly, CGS was performed and the volume of the mesh was
quantified in CloudCompare.

Figure 18.

Four step scanning and post-processing method to quantify volume
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3.3.2 FlexScan3D
FlexScan3D is a 3D scanner software package that allows for the creation of
accurate digital 3D models directly from physical objects [67]. It was used to control an
HDI 3D scanner and to apply post-processing techniques to form the models seen
throughout the described study (section 4). In order for scanning to occur, FlexScan3D was
set to Scan mode (Figure 19a). Within the Meshing box, all settings were set to default
expect for the mesh density (Figure 19b). The mesh density was set to 20% to reduce the
size of the number of vertices in the final scan in order to allow for quick post-processing.
The rotatory table was activated, and the Number of scans was set to 8 with 45-degree
rotation per scan (Figure 19c). To account for high contrast between menisci and tibia
bone, the HDR setting was selected to scan the object multiple times at varying exposure
levels in order to capture the high contrast variances (Figure 19d). Once the settings were
implemented, the objected was scanned (Figure 19e) to generated multiple meshes.

Figure 19.

FlexScan3D scanning interface showing selected settings for
generating a 3D scan
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Following scanning, FlexScan3D post-processing techniques were automatically
applied. The Combine feature (Figure 20a) was used to align and combine all scans
(Figure 20b) into one. The fine alignment feature was used to provide a tight and accurate
alignment between the scans. After all scans were combined, the Finalize feature was used
to create the final meshed version of the 3D rendered model. The Smoothed Merge option
was used to take in all input points and output a smoothed average of the data (Figure 20c),
while the Sample Density and Hole Filling sliders were set at 90% and 5%, respectively
(Figure 20d). A higher sample density was chosen to preserve detail within the mesh and
to reduce the amount of data smoothing. When scans were combined, gaps or holes were
often presented due to occlusions where the scanner could not reliability see a portion of
the object. The Hole Filling feature fills those holes based on neighboring geometry.

Figure 20.

Aligning and combining of all individual 3D scans

With the hole fill percentage set to 5%, only small holes were automatically filled through
FlexScan3D. Therefore, manual hole filling was required to produce a fully watertight
mesh; this was done in the Hole Filling mode (Figure 21a). The Fill slider was adjusted to
set the size of the hole or gap to be relatively small in order for the Auto Fill feature to
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automatically fill the hole. Overly complex holes were manually separated into smaller
sections in order for the software to easily fill the hole using Fill Selected (Figure 21b).
These steps were done in order to generate the watertight model (Figure 22).

Figure 21.

Figure 22.

Hole filling feature in FlexScan3D

FlexScan3D rendered model
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3.3.3 MeshLab
MeshLab is a free open-source 3D mesh processing software. It provides an
immense toolbox to manage meshed objects through editing, cleaning, inspecting,
rendering, and converting meshes into solid objects [68]. MeshLab was used to clean and
repair the mesh obtained from 3D scanning and FlexScan3D. The mesh was cleaned by
removing any duplicate vertices, faces, or edges to ensure the 3D model did not have any
extra components that were not present on the real object. While FlexScan3D was capable
of finalizing the mesh, additional post-processing techniques were done to further preserve
object detail and repair the mesh after it was cleaned. In order to use the advanced postprocessing features, normal vectors were automatically added to each vertex in the mesh
through the Compute Normals for Point Sets feature. A Surface Reconstruction: Screened
Poisson built-in algorithm was then applied to sharpen the mesh and ensure it was
completely watertight after cleaning. All settings were found to work best on the default
settings set by the software (Appendix A). A final 3D model post-processing is shown
within Figure 23.
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Figure 23.

MeshLab interface showing completely finalized 3D model

3.3.4 CloudCompare
CloudCompare is an open-source software that is available for a wide variety of
uses. It provides a basic set of tools for manually editing and rendering 3D meshes through
various advanced processing algorithms [69]. The software is capable of aligning multiple
processed meshes, performing common geometry subtraction (CGS), and measuring mesh
volume. CloudCompare was utilized to align two meshes of an object of interest at two
different times points in order to execute CGS techniques. A Fine Registration Alignment
(ICP) was performed to align the tibia-meniscus component to the tibia-only component
(Figure 24a), as specified by the developed methodology in section 3.2. ICP is an iterative
process in which the registration between two objects is evaluated by aligning the spatial
coordinates of the objects together and applying a transformation matrix to the objected
being aligned [69]. This process was done until the final RMS difference between two
alignment iterations became lower than a given threshold specified by user settings
(Appendix A).

The Register Info dialogue box displays the final RMS value,

transformation matrix, the applied scale used to match scales between objects, and the
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theoretical overlap between the aligned and reference objects (Figure 24b). This fine
registration results in a tight alignment between the tibia-meniscus and the tibia-only, as
shown in Figure 24c.

Figure 24.

Fine registration Alignment (ICP) of two objects

CloudCompare algorithms employ Boolean operations through the Mesh Boolean
Operations (CGS) with Cork feature. This feature allows for one object to be subtracted
from the another based on common geometric surfaces. As shown in Figure 25a, the tibiaonly component can be subtracted from the tibia-meniscus component using the Difference
A-B function for the purpose of isolating the menisci (Figure 25b). CloudCompare
software was capable of measuring the total volume of the mesh in order to completely
carry out the developed methodology to quantify volume (section 3.2).
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Figure 25.

Common Geometry Subtraction (CGS) applied through
CloudCompare software
3.4 Knee Fixture

3.4.1 Overview
Many studies [45,46,70–73] have utilized knee simulating devices to replicate
physiological conditions within prosthetic and cadaveric knee joints. Such devices are
capable of holding the femur and tibia components of the joint in alignment while
kinematic loading is applied. To evaluate meniscus wear using the developed CGS method,
mechanical loading needed to be applied to the knee joint. Therefore, a need existed to
design and fabricate a custom knee fixture capable of properly aligning the tibia and femur
bones while maintaining alignment throughout wear testing.
3.4.2 Custom Knee Fixture Design
A custom knee fixture was designed through solid modeling software SolidWorks
and machined within the Boise State Machine shop. The fixture was used in association
with an electrodynamic mechanical testing machine (Instron, Norwood, MA; E10000) to
facilitate a wear testing environment that represented a specimen’s nature joint alignment.
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The design of the fixture needed to be able to properly position the tibia and femur in
relation to each other in order to preserve tibiofemoral joint angles and to have a natural
distribution of joint loading (sections 2.1.3 & 2.1.4). Additionally, due to the requirements
of the developed CGS method, the menisci needed to be fully exposed for 3D scanning
purposes; therefore, the tibia and femur had to be separated from each other. Since this
separation disrupts the original alignment of the joint, the fixture needed to have both a
tibia and femur component in order to hold each bone in place during testing and to make
sure that the original joint alignment could be replicated (Figure 26).

Figure 26.
Custom built knee fixture consisting of a tibia and femur component
allowing for 6 degrees of freedom to align and adjust kinematic bone position
The tibia component had two degrees of freedom. A custom designed XY table
provided medial-lateral (M-L) and anterior-posterior (A-P) adjustment by simply adjusting
a set of screws (Figure 27A). Additionally, axial translation was provided by the Instron
machine. The tibia pot consisted of a two-pot system with an inner and outer pot. The inner
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pot allowed for the tibia to be easily removed from the fixture in order for the menisci to
be scanned via the 3D optical scanner. Furthermore, the inner pot had a key that helped to
center the tibia bone during potting by aligning the tibial ridge with the slot of the key
(Figure 27B).

Figure 27.

Tibia component showing A) SolidWorks model and B) real-life
fixture

The femur component had four degrees of freedom which allowed the femur bone
to be aligned to the tibia within the Instron. Like the tibia component, M-L and A-P
adjustment came from the XY table while the femur pot itself provided a rotational degree
of freedom. Additionally, the compound sine plate allowed for valgus-varus (V-V)
adjustment in the frontal plane and flexion-extension (F-E) in the sagitial plane (Figure
28A-B). A compound sine plate is most commonly used within machining; however, due
to its bi-direction axes of movement, it was found to be the most practicle device to be used
for the F-E and V-V movement.
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Figure 28.

Femur component showing A) SolidWorks model and B) real-life
fixture

An additional component needed to be added to the sine plate to adjust the V-V
angle. Compressive loading and V-V motion has been found to be highly sensitive to joint
positioning. It has been found that a shift in alignment of ±0.1 mm in V-V poisitioning can
alter the V-V load by up to 77% [74]. To account for this sensitivity, a 3D printed
thermoplastic polyurethane (TPU) insert was used to allow the positioning of the V-V angle
to have play (Figure 29). TPU material is durbale, flexible, and has a Shore A Durometer
of 90; therfore, the insert was capable of providing less than one degree of unconstrained
freedom for the V-V angle to compensate for position sensitivity changes during loading.

Figure 29.

3D printed TPU insert to account for V-V positioning sensitivity
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3.4.3 Cutting Guide
To account for the natural angles found within the tibiofemoral joint (section 2.1.3),
a custom cutting guide was designed and 3D printed using polylactic acid (PLA) filament.
To prepare the joint for wear testing (discussed in section 4.2.5.1), the tibia and femur
needed to be cut 17 cm below the joint line. From Figure 30, the call out shows a reference
position for the tibiofemoral joint. The cutting guide was designed to replicate these angles
by positioning the joint with the tibial anatomical axis at an approximate 90-degree angle
while the femur was positioned at an approximate 84-degree angle in respect to the tibia
(section 2.1.3). The cutting guide held the bones securely in place while cuts perpendicular
to the tibial anatomical axis were made. The bones were then potted within the tibia and
femur components of the knee fixture with the flat end of the perpendicular cut sitting flush
with the base of the pots, thus maintaining kinematic joint angles and alignment.

Figure 30.

Custom designed cutting guide to preserve tibiofemoral joint angles
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CHAPTER FOUR: MANUSCRIPT: “IN VITRO METHOD TO QUANTIFY AND
VISUALIZE VOLUMETRIC WEAR IN MENISCUS SUBJECTED TO JOINT
LOADING USING A 3D OPTICAL SCANNER”
4.1 Introduction
The human knee provides joint stability and mobility during approximately 1.1
million gait cycles each year [1]. Overtime, these large and repetitive loads can damage the
soft tissue structures of the knee, such as the menisci. Menisci are composed of two
semicircular fibrocartilaginous components that act to absorb shock due to joint
compression and torsion forces while distributing load across the articular cartilage
surfaces of the knee joint [2–5,13]. With an estimated 40% to 70% of joint loading exerted
on the menisci, meniscal fibrous tissue can retrogressively breakdown, or degenerate, as a
result of mechanical wear and overuse [2–5,7–10]. Meniscus degeneration impacts 56% of
the population above the age of 70 years [11] and is marked by the derangement of collagen
fiber networks leading to multiplanar tears and weakened tissue integrity [3,5,36,75].
Meniscus degeneration increases the risk of meniscus tears, cartilage loss, and progression
of osteoarthritis [2,3,9,12,13]. To reduce such risks, it is important to characterize the wear
behavior of whole knee meniscus and ultimately identify general loading conditions,
specific activities, and anatomical variations that significantly alter meniscus wear rates.
Furthermore, by understanding meniscal wear behavior and the associative risks, the
benefits of non-invasive (physical therapy) and invasive (tissue removal) strategies
[3,5,9,15,16] for preventing meniscus degeneration could be defined.
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Mechanical wear is formally defined as the progressive removal of material from
one surface of a body caused by mechanical action with respect to another surface
[6,20,39,40]. Wear in conventional materials is studied through a variety of established
tribology methods, such as pin-on-plate or pendulum systems applied in vitro to simple
geometries, and is most commonly measured by the mass of material removed per unit
time or by the volume of material lost [40,43,75]. Although these classic tribology
experiments [53,54,56,57,75,76] have been used to successfully quantify the wear material
properties of cartilage and meniscus tissue, they are unable to characterize the complex
structural wear and deformation that occurs in whole tissue structures during joint loading.
Several experimental methods have been developed to measure wear in complex
biomaterial structures subjected to joint loads [46,48,77,78]; however, they have
limitations when applied to the meniscus. For joint replacement materials, the standard
method to measure in vitro mass loss of articulating parts over millions of joint loading
cycles is through gravimetrics; however, for soft tissue, unique challenges become present
when measuring wear. Gravimetric analysis requires vacuum desiccation at various time
points and would therefore not be suitable for hydrated soft tissue [44,46,47]. Moreover,
measurement of mass loss does not allow for the identification of regional wear patterns
within the tissue [43,46]. Elsner et al. showed that micro-computerized tomography (CT)
can be used as a means to analyze wear in soft-tissue; however, micro-CT can be time
consuming, costly, and have insufficient imaging resolution to preserve microscale detail
[43,47,48,79]. A more recent study utilized an optical profilometry technique to measure
localized wear in meniscus subjected to in vitro joint loading [75], but no in vitro study has
measured wear and deformation in the whole meniscus.
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A novel technology that has the potential to overcome the limitations of current
wear analysis methods for soft tissues is structured light 3D optical scanning. Structured
light scanning utilizes a projector to emit parallel lines onto an object of interest. High
resolution cameras capture the distorted light pattern and the displacements of the distorted
lines are converted to surface coordinates that are used to generate full 3D reconstructions
of the object geometry [47]. 3D optical scanning has been proven to be fast, cost effective,
and capable of detecting small surface irregularities (resolution 25 µm) [12,43,47,77,80].
While 3D optical scanning has the potential to provide an accurate alternative for
measuring in vitro wear, no study has developed a method to use this imaging technology
to measure wear in meniscus, or any soft tissue.
The objective of this study was to develop and validate an in vitro methodology for
accurate characterization of volumetric wear behavior within whole human meniscus
utilizing a 3D optical scanning system. This study will be the first to visualize and measure
volumetric loss due to wear and deformation in whole human meniscus under in vitro
physiological loading conditions.
4.2 Materials and Methods
4.2.1 Overview
This study consisted of three parts. The first part measured the accuracy of the wear
detection method when applied to a simple surrogate model consisting of geometric blocks.
The second part measured the accuracy of the wear detection method when applied to a
complex surrogate model consisting of realistic meniscus and tibia replicas. The third part
applied the in vitro methodology to a cadaveric human knee.
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4.2.2 Scanning System
A novel procedure was developed to detect volumetric wear utilizing a 3D optical
scanning system that consisted of a projector, rotary table, and two high-resolution cameras
(LMI Technologies, Delta, Canada; HDI Advance R2 projector with 17.5mm lenses)
(Figure 31). The 3D optical scanner was operated through FlexScan3D software (LMI
Technologies, v3.3.2) on a computer with a 2.4 GHz processor to generate full 3D rendered
models of the object of interest. Post processing software, MeshLab (ISTI-CNR,
v2020.03), was used to convert the raw data from FlexScan3D into solid mesh models, and
an open-source mesh processing software, CloudCompare (Telecom Paris, v2.10.3), was
used to perform common geometry subtraction (CGS) between two 3D models. The
experimental procedure utilized this scanning system and software tools to calculate
volumetric wear (Figure 31A-B). This procedure required 3D models to be created at three
different time points for the same specimen.
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Figure 31
The 3D optical scanning system and Common Geometry Subtraction
(CGS) method: A) An object is placed on the rotary table while the projector emits
parallel light lines onto the object. The cameras record the distortion of these lines
and the scanner software converts them into surface coordinates to generate the 3D
rendering. B) Flowchart of the experimental method used to calculate volumetric
wear by subtracting common geometry of the pre- and post-wear scans from the
tibia only scan (i.e. Scan 1 – Scan 3, Scan 2 – Scan 3).
4.2.3 Part I & II: Accuracy of Wear Detection Using Surrogate Models
To quantify the accuracy of the 3D scanning methodology, two surrogate models
were tested. A simple surrogate model determined the best-case accuracy when using basic
geometric blocks, while a complex surrogate model determined how the accuracy would
be affected when using a realistic meniscus-tibia model.
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4.2.3.1 Simple Surrogate Model: Geometric Blocks
Delrin blocks of known dimensions were machined with six defect depths of 0.15,
0.05, 0.01, 0.005, 0.002, and 0.001 inches, corresponding to metric volumes of 1058, 356.2,
72.4, 36.2, 14.5 and 7.24 cubic millimeters, respectively. Wear depths were verified using
a surface gauge with a dial indicator (Starrett, Athol, MA; resolution = ± 0.5 µm or
±1.97x10-5 in). Reference volume was determined from known dimensions and recorded
as Vactual.
4.2.3.2 Complex Surrogate Model: Menisci & Tibia Replicas
A 3D CAD menisci model of a healthy male, age 29 years, BMI of 23 kg/m2 was
obtained via MR imaging from [81]. Both the medial and lateral meniscus of this model
was 3D printed using polylactic acid (PLA) material (Pursa Research, Prague, Czech
Republic) and positioned on a cortical foam replica of a human tibia (Sawbones, Vashon
Island, WA). To reduce gap space between the 3D printed menisci and the replica tibia, a
thin layer of clay was molded over the tibia to allow the menisci to sit flush against the
surface of the tibia. Defects in the CAD model were made by applying a wear pattern [36]
in meshing software, MaterialiseMagics (Materialise, Leuven, Belgium), and removing
mesh with varying depths of 0.5, 0.025, 0.01, 0.005, and 0 inches to simulate artificially
induced wear in the model menisci (Figure 32). These wear depths corresponded to wear
volumes of 411.7, 205.9, 79.3, 40.9, and 0 cubic millimeters, respectively. An additional
0-inch defect meniscus set was printed to serve as a control. The reference volume, Vactual,
of the CAD defect models was measured using SolidWorks (Dassault Systèmes, v27).

40

Figure 32.
Complex Surrogate Model showing 3D printed meniscus replicas at
varying defect depths for both the lateral and medial meniscus
4.2.4 Scanning Procedure
Each surrogate followed the experimental design protocol (Figure 33A-B). 3D
scans were taken at three different time points: pre-wear, post-wear, and tibia-only. Prewear defines a model with no-defect while post-wear refers to a model with known defect
depth. The 3D optical scanner was calibrated following an established protocol [47]. To
reduce any surface reflectance and to enhance the quality of the scan, each object of interest
was coated with a light reflectant spay (Gold Bond Foot Powder, Gold Bond, TN). Five
sets of 8 scans were taken at 45-degree increments resulting in a full 360-degree view of
the model consisting of 40 scans in total. This was done for a total of three trials at each
defect depth for both the simple and complex surrogate.
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Figure 33
This method quantifies the volumetric wear for A) simple and B)
complex surrogates using common geometry subtraction (CGS) between pre- and
post-wear time points
All 40 scans were aligned by common geometry and combined via FlexScan3D to
generate the 3D rendering of the model. If gaps were present in the full rendering,
additional scans were taken and aligned with the previous scans in an attempt to fill the
gap spaces. The overall time it took to complete the scanning and alignment process was
approximately 40 ±5 minutes. The renderings were converted to solid meshes and cleaned
during post-processing in MeshLab by removing any duplicate mesh vertices, or points.
CloudCompare was utilized to align the tibia-menisci to the tibia-only in order to perform
CGS. The value for measured defect, Vmeasured, was found by aligning the pre- and postwear menisci and utilizing CGS to isolate the defect (Figure 33B). If holes were present
in either the medial or lateral meniscus mesh, they were filled using the hole filling feature
in FlexScan3D. The accuracy measuring defect volume was defined as the absolute mean
difference (|Vmeasured-Vactual|), while the error in measuring the defect volume was calculated
(|Vmeasured-Vactual|/Vactual) and converted to a percentage.
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4.2.5 Part III: In-vitro Human Application
4.2.5.1 Specimen Preparation
One human cadaveric knee (donor age=29y, female) was acquired. The knee was
allowed to thaw for 24 hrs prior to dissection. All skin, fascia, muscle, tendon, and soft
tissue surrounding the knee joint was removed. The joint capsule was left intact for the
later purpose of recording the initial joint reference position. To maintain natural knee joint
angles, the tibia and femur were transected 17 cm distal to the joint line with cuts aligned
perpendicularly to the tibial anatomical axis using a custom-made cutting guide [29,30].
With the joint capsule still intact, boney landmarks where determined by palpation and
marked with screws to aid in identification and alignment in scanning software.
4.2.5.2 Tibia Potting
Following marker placement, only the tibia was potted in a custom-made
cylindrical mounting pot using a catalyzed polymer resin (Bondo Mar-Hyde, Atlanta, GA).
The tibia shaft was centered with the tibial plateau horizonal to the base of the pot [73].
The femur was held at a 90-degree flexion angle to the tibia while Bondo was added to the
pot and during the 15-minute curing time.
4.2.5.3 Reference Position
The natural reference position of the knee during full flexion was then determined
by a mechanical digitizer (Revware Inc, Raleigh, NC; accuracy ±0.002-in). To do this, the
potted tibia was secured within a custom-made knee fixture that allowed for six degrees of
fixed adjustment to control the positioning of the tibia and femur during mounting. The
fixture was attached to an electrodynamic mechanical test system (Instron, Norwood, MA;
E10000) with the system’s torsional-rotation axis parallel to the long axis of the tibia
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following the procedure outlined in [73]. The femur was positioned directly below and
aligned to the tibial axis to ensure rotational loading was represented on the proper bone
(Figure 34A).
With the potted tibia attached to the Instron, the femur was allowed to hang in its
natural position in order for the joint to properly align itself. After the joint had ceased any
movement, the femur was lightly screwed into place within its respective mounting pot so
as to not disturb the natural alignment. The digitizer was then used to create embedded
coordinate systems in both tibia and femur on identified bony landmarks [82]. Kinematic
analysis of the tibia and femur digitizer data was done through a custom MATLAB
(MathWorks, R2018b) code using established kinematic conventions of Grood-Suntay to
assess the initial rotational and translational positions of the joint while the capsule was
still attached [32,82].
4.2.5.4 Tibia and Femur Positioning
The joint capsule was dissected, leaving only menisci and meniscal attachments,
while the tibia and femur were disarticulated. The femur was then potted (similar to the
tibia, section 4.2.5.2) in its respective mounting pot with the epicondylar axis horizontal to
and centered in the pot [73]. The potted femur and tibia were then fitted within the knee
fixture and screwed into place (Figure 34A). Kinematic analysis of the marked boney
landmarks was then done to verify proper joint potting alignment. If the potted position
differed from the reference position, the bones were further adjusted and redigitized until
rotations and translations were within 0.5-degrees and 0.1-inches of the reference position,
respectively. This step was critical in order to replicate natural knee joint kinematics and
to ensure that loading was to be applied with femur and tibia in anatomical alignment.
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4.2.5.5 Pre-Wear Scanning
Prior to scanning, the tibia-meniscus and femur were allowed to soak in a
lubrication tank with 0.9% saline solution for 4-hours prior to scanning. This was done to
mitigate artifacts from tissue swelling between time points. After the pre-soak, the potted
femur remained within the lubrication tank while the potted tibia was scanned via the 3D
optical scanner. Scanning followed the same procedure used for the surrogate models,
excluding the coating of light reflectant spray. The meniscus tissue was sprayed with 0.9%
saline solution to ensure hydration throughout the scanning process.
4.2.5.6 Mechanical Testing
The Instron was used to apply axial loading and torsional rotation based on
parameters specified by ISO Standards [83,84]. It should be noted that the axial load was
force controlled while the torsional rotation was displacement controlled [75]. Loading
parameters for this experiment where chosen in the attempt to induce the greatest amount
of wear in the tissue. It was hypothesized that this would occur at 45% of the gait cycle
where the combination of axial and torsional rotation is the highest (Figure 34B; Flexion
= 10-degrees, Axial Force = 2.4 kN, and Tibial Rotation = 1.10 degrees). Combined cyclic
loading was run at a frequency set to 2 Hz for 250,000 continuous cycles resulting in a total
loading time of approximately 35 hours. Four loading stages of 250,000 cycles were run
for a total of 1 million cycles (Figure 34C).
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Figure 34
Mechanical testing setup and loading profile: A) Knee fixture with
potted tibia and femur. B) Axial and rotational profiles based on ISO 14243-3 with
test parameters identified with markers. C) Experimental protocol for wear testing
showing four loading stages and scanning points
4.2.5.7 Post-Wear and Tibia-Only Scanning
Following each 250,000-cycle loading stage, the tibia and femur were redigitized
to assess any kinematic changes during testing and the potted tibia was scanned via the 3D
optical scanner similar to the pre-wear scanning procedure mentioned previously. This was
done to generate the post-wear tibia-meniscus (Scan 2) (Figure 31B). Once all four loading
stages and post-wear scans were complete, both the lateral and medial meniscus were
dissected from the tibia bone. The tibia-only was then scanned in the same manner as the
pre- and post-wear procedures to generate Scan 3 (Figure 31B).
4.2.5.8 Volumetric Wear and Stiffness Analysis
The pre-wear, four post-wear, and tibia-only renderings were analyzed in
CloudCompare via the procedure outlined in section 4.2.4, with additional alignment steps.
Fine alignment was performed by selecting points along the medial and lateral meniscus
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ridge to align the tibia-only with pre- and post-wear tibia-menisci renderings. This was
done under the assumption that the outer ridge did not deform nor shift during mechanical
testing. CGS was then preformed to isolate each meniscus. Excess soft tissue on the medial
and lateral meniscus renderings was then systematically removed by applying a defined
snipping pattern, thus ensuring that each meniscus had the same amount of excess material
removed.
The amount of volumetric loss due to tribological behavior (in terms of wear and
deformation) was recorded as Vwear (mm3). The overall stiffness of the meniscus structure
was analyzed from Instron loading output. The axial stiffness was calculated from axial
force and displacement data (N/mm) while the torsional stiffness was obtained from torsion
and rotation data (Nm/deg).
4.2.6 Statistical Analysis
A one-way ANOVA test was performed to detect differences in average absolute
percentage error between the six defect depths for the simple surrogate model. The effect
of defect wear depth and meniscus type (medial or lateral) on the error in measuring
volumetric wear in the complex surrogate model was assessed using MANOVA. For both
ANOVA and MANOVA analyses, a Bonferroni or Games-Howell post-hoc test was
performed for pairwise comparison dependent on variance homogeneity. Significance was
set at p<0.05 for all statistical analyzes. Statistical software SPSS (IBM v26.0) was utilized
for all data analysis. Data are reported as mean ± standard error, unless otherwise stated.
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4.3 Results
4.3.1 Simple Surrogate Model: Geometric Blocks
The CGS methodology resulted in 3D renderings that closely resemble that of the
real-life geometric blocks (Figure 35A). The magnitude of the defect depths was found to
have a significant effect on the absolute mean percentage error. As the defect depth
decreased, the error was found to increase significantly (p=0.001). The average accuracy
of the methodology when measuring all defect volumes for the blocks was 4.50 ± 4.79
mm3. The largest defect, 0.15-in, produced an average volumetric percentage error of
0.46±0.1% while the smallest defect, 0.001-in, resulted in an error of 183 ± 3.4%.
Intermediate defect blocks showed errors less than 25% with an average error of 13.0 ±
8.6% (Figure 35B). Significant difference was found between the 0.15-in defect and the
0.05, 0.005, and 0.002-in defects (p= 0.043, p=0.016, and p=0.042 respectively).

Figure 35.
Simple Surrogate Model: Geometric Blocks A) visualization of all
defect depths with real-life blocks shown in black while 3D renderings are in gray.
B) Percentage error between known and experimental block defect volume increases
as defect depth decreases. ** = greater error than all other defect depths (p < 0.001).
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4.3.2 Complex Surrogate: Menisci & Tibia Replicas
The defect patterns of the replica menisci were successfully visualized with the 3D
optical scanner. The color map indicates the ability of the software to properly align the
non-defect control (green) to the defect (blue) in order to isolate the defect entirely while
still preserving detail (Figure 36A). The average accuracy of the methodology when
measuring all defect volumes for the replica medial and lateral menisci was 10.2 ± 7.13
mm3 and 8.14 ± 5.68 mm3, respectively. The corresponding average absolute percentage
errors in quantifying defect volume were 14.5 ± 12.1% and 16.7 ± 14.1% for medial and
lateral meniscus, respectively. When preforming CGS between the tibia-meniscus and tibia
only, the isolated menisci yield errors of <6%. Significant difference was reported for the
lateral meniscus between the 0.05 in and control depths (p=0.033) while no significance
was found for the medial meniscus (p>0.05) (Figure 36B). Data from isolating the defect
through CGS illustrate that error increased as defect depth decreased for each meniscus
(p<0.05). Significance was found between the 0.005 in defect depth and all other defect
depths for both the lateral and medial meniscus (p<0.05) Further significance was found
between medial meniscus defect depths of 0.05 in and 0.001 in (p=0.01), 0.01 in and 0.025
in (p=0.022) (Figure 36C).
To test the practicality of the CGS method, the method was compared to a simple
volume difference calculation that calculated the meniscus volume from numeric
subtraction of tibia-only from tibia-meniscus volume. The defect was then numerically
calculated from subtracting the pre-meniscus from post-meniscus. The absolute mean
percent error was found to be significantly different between this volume difference
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calculation and CGS method (p=0.011). Volume difference produced average percentage
errors 2.2x greater than CGS, therefore indicating the preference to use the CGS method.

Figure 36.
Complex Surrogate Model: Menisci & Tibia Replicas A) Colorimetric
heat map of 0.05-in defect (blue) aligned to the control defect (green) shows tight
alignment for the CGS method, B) Medial and lateral menisci volumetric error
using the CGS method results in errors of less than 6% percent, C) CGS defect
volumetric error increases as defect depth decreases for both lateral and medial
menisci (p<0.05). ** = greater error than all other defect depths (p < 0.05).
4.3.3 Instron Loading Profile
Axial loading with maximum and minimum forces of 2.4kN and 0.2kN,
respectively, remained constant and corresponded to ISO targets throughout the 1 million
cycles (Figure 37 A). As shown in Table 2, average peak axial loading and rotation was
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within 3.3 ± 4.0% and 292 ± 353% of the targeted target values, respectfully. The amplitude
of tibial rotation increased for every 250,000 cycles yet was outside of the ISO set
maximum and minimum targets (Figure 37B). Displacement increased from 250,000 to
500,000 cycles however tended to decrease in later cycles (Figure 37C). Torque increased
throughout all loading stages resulting in the highest torque during the fourth loading stage,
Axial and torsional stiffness were calculated from the Instron data to be 23.63.88 N/mm
and 1.83±2.53 N/deg, respectively.
Table 2.
Errors in reaching ISO peak maximum and minimum targets for
axial loading (2.4 kN and 0.2 kN) and rotation (0.55 deg and -0.55 deg)
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Figure 37.
Instron data throughout 1 million cycles: A) Axial loading is within
range of ISO targets while B) rotation strays away from the targets after the first
loading stage. C) Displacement, D) torque, E) axial stiffness, and F) torsional
Stiffness are dependent upon the set axial and rotational parameters.
4.3.4 In Vitro Human Application
The tibia-meniscus was inspected for tribological behavior in terms of wear and
deformation following each loading stage. Prominent discoloration in the tissue is seen in
both lateral and medial meniscus for all four loading stages (Figure 38A). The tibia-only
showed extensive damage to the anterolateral region of the tibial surface in the form of
cracking along the inner region of the tibia surface (Figure 38A). Throughout loading, the
tibial surface became more prominent and the inner peripheral regions of both lateral and
medial meniscus appeared to recede (Figure 38B).
The CGS method yielded isolated renderings of the lateral and medial meniscus
(Figure 39A) that were further analyzed to quantify the volume of each whole meniscus.
The lateral and medial meniscus volume decreased as the number of cycles increased
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(Figure 39B). The first 250,000 cycle loading stage induced the greatest decrease in whole
lateral meniscus volume from 3282.83 mm3 to 1928.18 mm3, while the medial meniscus
experienced the greatest amount of volume change from the second and third loading stages
with volumes of 2803.6 mm3 and 2450.9 mm3, respectively.
The CGS method isolated the wear and deformation and illustrated that as the
cycles increased, the defect volume increased, with the exception of the third loading stage
(Figure 39C). During this loading stage, the defect volume for both lateral and medial
meniscus (1131.04 mm3 and 1723.96 mm3, respectively) was less than the previous loading
stages (1132.09 mm3 and 1767.93 mm3, respectively).
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Figure 38.
Wear and deformation are visualized in the tibia-meniscus subjected
to 1 million cycles: A) images of pre- and post-wear show discolored tissue while B)
heat map comparisons of tibia-only to pre- and post-wear illustrate prominent
deformation.
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Figure 39.
Wear and deformation analysis: A) Colorimetric heat maps showing
differences between pre- and post-wear medial and lateral meniscus. Higher wear
and deformation are indicated by darker blue regions within each meniscus. The
CGS method illustrates B) the volume for each meniscus decreases while C) the
wear and deformation volume increases as the number of cycles increases.
4.4 Discussion
Characterizing meniscus wear behavior is vital to determine strategies for
preventing meniscus degeneration and to identify the best course of treatment for
degenerative meniscus complications. This study has therefore developed and verified a
novel method to be used with 3D optical scanning techniques to quantify and visualize
wear and deformation in whole human meniscus tissue. This is also the first study to
analyze in vitro wear and deformation of whole human meniscus subjected to physiological
loading conditions.
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To determine the accuracy of this novel method, we developed two surrogate
models that had known wear volumes. The simple surrogate model provided a best-case
scenario when using the 3D scanner and CGS method to detect volumetric defects. Based
on this analysis, we found that the developed method is capable of detecting volumetric
changes in simple geometry of 0.4 cm3, roughly the size of a pea [85] with less than 5%
error (Figure 35B). However, as the object of interest became more complex, as seen with
the surrogates of menisci replicas, volumetric percentage errors increased nearly two-fold,
thus suggesting our method is influenced by object geometry. The most likely reason for
this increase in error is due to concave regions in the complex geometry which lead to
artifacts in the 3D renderings due to poorly reflected light. Therefore, in complex geometry
the method is capable of detecting wear the size of a pea with less than 8% error (Figure
36C). Additionally, both surrogates were able to accurately measure the pre-wear volume
of the whole meniscus surrogate with less than 6% error (Figure 36B). The results from
the surrogate models demonstrate that 3D optical scanning and CGS analysis can provide
an accurate method for measuring whole human meniscus volume and characterizing
volumetric changes due to global wear and deformation.
While several studies have measured volumetric wear loss in joint prosthetic
materials [46,48,78,86,87], error verification of their methods is absent; therefore, we are
unable directly compare our accuracy results with these prior studies. Although a recent
study by Bowland et al. also neglects method verification, it is the closest study comparable
to our own current work. This study utilized a knee simulator and optical profilometry to
analyze tribological performance of osteochondral grafts within a whole porcine knee
model [75]. This work demonstrated the capability of optical profilometry to measure
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volumetric wear, deformation, and damage on the opposing meniscal surfaces to the medial
femoral condyle as a result of mechanical joint stimulation. However, the method used by
Bowland et al. was limited to only detecting localized focal defects through topographical
data [6]. Therefore, while meniscus volume loss was measured, it was only representative
of localized focal defects and did not account for defects that may have occurred in other
regions of the meniscus.
Our study was able to successfully detect and isolate global wear and deformation
of the whole human meniscus using the developed method. This study demonstrated
interesting findings for the in vitro wear assessment of the whole human meniscus. Firstly,
throughout 1 million cycles of loading, it can be seen that the menisci were heavily
impacted by the mechanical loading. This is most clearly visualized from the colorimetric
map in Figure 38B showing a prominent reduction of yellow hue around both lateral and
medial meniscus from one loading stage to the next. This therefore indicates a decrease in
meniscus thickness and suggests that the meniscus tissue deformed during loading.
Secondly, the tibial surface became more prominent and the inner peripheral region of both
lateral and medial meniscus began to recede throughout loading stages (Figure 38).
Additionally, it was found that the reduction in protective coverage of the articular surface
by the menisci led to cracks within the lateral region of the tibial surface, as indicated by
the arrow in Figure 38B. Thirdly, colorimetric mapping enabled the visualization of high
wear and deformation regions throughout the meniscus structure. From Figure 39A, we
can see that the depth of wear and deformation is most prominent in the anterior and
posterior regions of the medial meniscus, as indicated by the dark blue coloring. The lateral
meniscus appears to show the greatest wear and deformation depth in the middle regions.
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Fourthly, volume loss may have been a result of material wear, deformation, or a
combination of both wear and deformation. When subtracting the post-wear meniscus from
the pre-wear meniscus, we would expect to isolate the prominent regions of wear indicated
by the heat map patterns in Figure 39A. However, due to the menisci being compressed,
the geometry of each meniscus deformed from pre- to post-wear time points, resulting in
gross shape differences. The relative position of the post-wear meniscus was more variable
than the pre-wear meniscus; therefore, the assumption had to be made that the ridges of the
pre- and post-wear menisci did not deform. With this assumption, the pre- and post-wear
meniscus could be aligned; however, when alignment was performed, complete overlap in
meniscus geometry was not achieved due to the presence of deformation. When CGS was
performed, only the common geometry between the two models was subtracted, thus
isolating wear and leaving any post-wear material that did not conform to the pre-wear
meniscus shape. Therefore, this left-over material may have represented deformation and
contributed to the final measure of meniscus volume loss between the pre- and post-wear
time points. However, the distinction between whether or not material wear or deformation
fully or partially contributed to volume loss could not be distinguished. Thus, the term
“wear” was reclassified in terms of “wear and deformation”. Wear and deformation
volumes for the medial and lateral meniscus were therefore shown to increase throughout
loading stages with the lateral meniscus experiencing 25.1% higher wear and deformation
volume than the medial meniscus (Figure 39C). Lastly, the developed method yields
meniscus volumes that are directly comparable to known human meniscus volume. The
pre-wear medial and lateral meniscus volumes obtained from CGS were found to be 3496
mm3 and 3283 mm3, respectively. In a healthy knee, menisci volumes of 3041 ± 43 mm3
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and 3067 ± 71 mm3 for the medial and lateral meniscus have been reported from water
volume displacement techniques [87]. While the experimental volumes are slightly greater
than these known reported values, this indicates that the method can successfully represent
whole human meniscus volume.
The 3D scanner method can be compared to additional methods commonly used to
measure wear in joint prosthetic material. Many studies [46–48,77] have utilized
gravimetrics analysis for measuring structural wear via mass loss in joint replacement
materials. However, for soft tissue, this method is not applicable as it requires vacuum
desiccation at various time points that would be unsuitable for hydrated soft tissues.
Moreover, gravimetrics does not allow for the detection and visualization of regional wear
patterns, which is crucial in identifying regions within meniscus that are more susceptible
to wear and deformation. A study by Elsner et al. utilized micro-CT analysis to measure
volumetric wear changes in synthetic meniscus inserts. While this method was found to be
capable of detecting wear patterns and quantifying volumetric wear changes in synthetic
material, it is limited in terms of high run time and equipment cost. A micro-CT scan can
take 95 min to 4 h to complete a quality 3D image [47,87], while the 3D scanning method
took an average of 45 min to complete a high-quality 3D model and perform CGS.
Additionally, micro-CT scanning equipment can cost up to 15 times as much as the 3D
optical scanning system used in the present study, which can be purchased for between
$15,000 and $25,000 [47]. Furthermore, MRI scanning techniques have been found to
successfully measure in vivo volume of soft tissues meniscus [87]. However, MRI lacks
sufficient imaging resolution to preserve microscale detail and detect volumetric changes
within the tissue. Therefore, the practical advantage of 3D optical scanning and the
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developed method with respect to time, cost, and most importantly, the ability to visualize
and quantify meniscus wear, makes this a study promising for future evaluations of soft
tissue wear and deformation.
There were several notable limitations present within this study. Firstly, we only
tested one human cadaveric knee. While a single test was sufficient to demonstrate our
novel technique, more test would clearly be needed to characterize meniscus wear and
deformation behavior for specific loading conditions and anatomical factors. Secondly,
during dissection, many of the menisci soft tissue attachments had to be removed in order
to comply with the testing setup and methodology. Therefore, the normal alignment and
attachments of the soft tissue structures of the knee joint were not reproducible. Thirdly,
the amplitude of tibial rotation was outside of the ISO set maximum and minimum targets.
This can be attributed to a potential control error within the Instron software since the set
amplitude should have stayed consistent throughout the 1 million cycles. Lastly, the
presence of deformation influenced the developed method when aligning models and
performing CGS to isolate meniscus defects. As the menisci continued to deform during
cyclic loading cycles, the assumption had to be made that the outer ridge of the menisci did
not move. This assumption allowed us to apply fine alignment techniques to manually align
the pre- and post-wear menisci by selecting common points along the ridge to serve as
reference alignment markers. From Figure 39A, we can see that this alignment along the
ridge resulted in a relatively tight alignment, as indicated by the green coloring. However,
there is evidence that this alignment was not completely exact due to the presence of light
blue coloring along both lateral and medial meniscus ridges. If the meniscal ridges did not
move nor deform during wear testing, then we would expect to strictly see green coloring
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along the ridge. Therefore, this assumption may not have been entirely true, thereby
resulting in skewed alignment of pre- and post-wear menisci leading to greater wear and
deformation volumes.
4.5 Conclusion
The 3D optical scanning method developed in this study (CGS) can now be used to
assess anatomical and physical factors that may increase the risk of wear and injury in
meniscus. For example, future experiments are planned to use this method to assess the
effect of specific physiological loading activities on regional wear patterns in cadaveric
meniscus. In summary, this study has developed and validated a new technique to measure
soft tissue wear in intact joints that has the potential to advance fundamental knowledge of
wear and deformation behavior in meniscus, as well as other articulating soft tissues (e.g.
intervertebral disc and articular cartilage).
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CHAPTER FIVE: PROJECT CONCLUSIONS
5.1 Summary
The primary goal of this research was to develop and verify an in vitro methodology
to quantify and visualize wear in meniscus tissue. Prior to human meniscus tissue wear
testing, the developed common geometry subtraction (CGS) method was verified through
simple and complex geometry surrogates. Next, the CGS method was used to quantify wear
and deformation in whole human cadaveric meniscus tissue.
Key conclusions include:
•

A Common Geometry Subtraction (CGS) technique was developed using opensourced software programs, MeshLab and CloudCompare, to accurately measure
volumetric changes.

•

A kinematic knee fixture capable of allowing six degrees of adjustment was
designed and fabricated to hold the tibia and femur in placed during mechanical
wear testing in accordance with ISO 14243-3.

•

The novel imaging method has an inherent error of <5% when measuring defect
volumes >0.4 cm3. This error increases two-fold for complex geometry.

•

Overall whole meniscus volume reductions of 52.0% and 31.9% were seen for the
lateral and medial meniscus, respectively, when applying 1 million cycles of
loading at 45% of the gait cycle.

•

Generating colorimetric maps enabled the detection and visualization of wear and
deformation
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•

Defects due to wear and deformation in whole human meniscus were isolated and
volumetrically quantified for the first time, or to our knowledge, any whole soft
tissue structure.
5.2 Limitations
This study consists of many limitations. First, this study utilized a sample size of

only one cadaveric knee. This small sample size does not account for possible anatomic
variations between different specimens nor does it allow for statistical analysis to be
performed. Therefore, we are unable to determine if there is statistical significance between
meniscus type and number of loading cycles. An increase in sample size would allow for
a more representative study. Second, when dissecting the knee joint, important meniscal
attachments, such as the MCL, meniscofemoral ligaments, and ligaments of Humphrey and
Winslow, must be sacrificed for the testing setup and methodology. This results in a knee
joint environment that is not fully representative of natural meniscus attachments and may
disrupt joint kinematics. Third, replicating the natural kinematic alignment of the knee joint
during potting was ill achieved. The digitization process was highly sensitive when hitting
the marked boney landmarks. If the digitizer did not hit the marker target in the exact same
way and location during digitizing, the kinematic rotations and translations were skewed.
This could have greatly influence kinematic positioning of the bones during wear testing.
Fourth, the Instron loading profile did not hit the ISO specified targets (section 4.3.3) which
resulted in the misrepresentation of loading at 45% of the gait cycle. Additionally, during
the second 250,000 cycle loading stage, the limits on the Instron were tripped and the wear
test stopped twice. Both times the Instron and loading profile were reset and the test was
allowed to run until completion. This event may have contributed to the control error in
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tibial rotation. Fifth, the CGS method experienced difficulties in aligning the soft tissue
menisci due to a large degree of deformation. Therefore, as the menisci continued to deform
during cyclic loading cycles, the assumption had to be made that the outer ridge of the
menisci did not move. This may not be entirely true and therefore may have resulted in
inadequate alignment of pre- and post-wear menisci.
5.3 Future Work
A proposed study has been identified to further expand this work to examine the
cause-effect relationship between specific physiological activities and the mechanical wear
responses of whole human meniscus. Based on the initial work done within the present
study, it is hypothesized that torsional loading at high flexion angles will promote fibrous
tissue breakdown and will lead to greater wear rates.
The first aim of this proposed study is to quantify volumetric meniscal wear
associated with physiological activity. Previous studies have shown that contact stresses
within meniscus tissue increase with greater flexion angles, leading to the potential to
influence wear rates [36,88]. Additionally, wear debris in polyethylene knee replacement
bearings has been found to increase under increasing internal-external rotation [89].
Therefore, the flexion angle of the knee joint and the amount of torsional rotation may be
contributing factors to meniscal tissue wear. Human gait data for three different activities
(normal gait, deep-squat, and pivot) obtained from the Center for Orthopedic and
Biomechanics Research lab at Boise State University (BSU) can be used to generate
kinematic profiles. These physiological activities have been identified from previous gait
studies to produce high degrees of flexion and rotation with increased torsional loading
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[90,91]. Using the acquired kinematic information, knee simulator that was previously built
will be modified to accommodate these different loading conditions.
Nine cadaveric knees will be split into three loading groups based on the
physiological activities. Similar to the present study, all soft tissue from the knee joint will
be removed except for the menisci and select attachments. The femur and tibia-meniscus
will be cemented in the custom knee simulator and submerged in 37C bovine synovial
fluid. Each specimen will be loaded into the Instron and subjected to the proper kinematic
loading profile at 2Hz for four loading stages of 250,000 cycles, resulting in a total of 1
million loading cycles.
Using the 3D optical scanner and developed CGS analysis techniques, 3D
renderings of the meniscus will be created. Each model will follow the experimental design
protocol and will be generated by aligning 8 scans at 45-degree increments, allowing for a
full 360-degree view of the tibia-meniscus. During wear testing, post-wear scans will be
taken after every 250,000 cycles resulting in a total of four post-wear renderings. To
calculate the volumetric wear, models will be analyzed using open-source software
(MeshLab, CloudCompare). If wear is not present after 1 million cycles, an additional four
sets of 250,000 cycles will be done to determine time points for wear development.
Following testing, the composition of the meniscal fibrous matrix will be analyzed through
scanning electron microscopy and biochemical assays.
The second aim of this proposed study will be to develop and implement a
computational weal model. In collaboration with the Computational Biosciences
Laboratory at BSU, a subject-specific finite element models of the knee (Abaqus/Explicit)
using established methods [92] will be created. Archard’s wear law will then be used to
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predict the total volume of wear debris produced from the physiological loads. To calibrate
the model parameters, the predicted volumetric wear will be compared to the actual
volumetric wear measured in our experiments at two time points (500k, 1 million cycles),
and model validation will be performed by comparing model predictions versus
experimental results for the other two time points (250k, 750k cycles).
This proposed research will yield extensive quantitative understanding of meniscus
wear and advance fundamental knowledge of the etiology of degenerative wear within
meniscus and other articulating soft tissue structures. Additionally, this study will provide
comprehensive visualization and identification of global defects within the meniscus,
allowing for the detection of morphological regions that are more prone to wear. These
insights could aid in the evolution of tissue engineering techniques for durable replacement
tissue [93]. Lastly, the validation of a wear model using finite elements will advance
knowledge in meniscus pathomechanics and will enable researchers to predict wear
behavior for a broad range of physical activities and anatomical variations.
To account for limitations in the current study, the following will be done:
1. The sample size will be increase to nine in order to compensate for anatomical
variations between specimens.
2. Removal of meniscal attachments will remain a limitation due to the study setup.
3. The kinematic alignment will be adjusted to include better positioning of boney
landmark markers to reduce error when digitizing points.
4. The Instron data will be monitored during testing and the limits of the test will be
adjusted to ensure an error warning is thrown if the rotation is out of range.
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5. The CGS method for isolating meniscus wear and deformation can be improved
by adding additional markers on the tibia as well as the outer ridge of the menisci
to aide in fine alignment.
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